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CHAPTER 1 

General introduction 

The diversity of life as the result of evolution from a common origin has generated 
considerable interest in the classification of organisms. The accuracy, however, with which 
a phylogenetic tree reflects the relationships among the organisms strongly depends on the 
markers and methods used for comparison. In general, markers that are directly related to 
the nucleotide sequences of a genome are more informative for the determination of 
phylogenetic relationships than are phenotypic properties (157). A nevertheless meaningful 
phenotypic classification was the division of the living world into the major groups of 
prokaryotes and eukaryotes which initially was based on readily detectable phenotypic 
properties such as the pronounced differences in their cellular organization. Only later this 
distinction was confirmed by the identification of comparable molecular characteristics such 
as differences in ribosome structure (159). However, the prokaryote-eukaryote dichotomy 
was based on the comparison of eukaryotic markers with those derived from the model 
bacterium Escherichia coli that was considered as a typical representative of the prokaryotic 
kingdom (159). 

Compared to the phenotypic diversity of eukaryotes, the prokaryotes constitute a group of 
phenotypically relatively homogeneous organisms. This led to the assumption that the 
prokaryotes have a monophyletic origin, i.e. are descendants of a single common ancestor. 
Despite the lack of complex phenotypic markers, prokaryotic systematics was mainly based 
on comparative morphology of cells or colonies, differences in cell-walls revealed by Gram-
staining and readily detectable physiological properties such as growth with or without 
oxygen, nitrogen fixation or photosynthesis (157). However, those criteria have only limited 
value for prokaryotic taxonomy mainly for two reasons (157). Firstly, lateral gene transfer 
or adaptation to environmental stress may have resulted in similar phenotypes of two distantly 
related organisms. And secondly, the evaluation of a phenotypic marker as phylogenetically 
significant is often a subjective one (157). 

More reliable information on the prokaryotic phylogeny was obtained from analysis of 
various molecular markers. Cell wall analysis and immunological studies, together with initial 
approaches in genotype-based classification such as comparison of the DNA base ratios (GC-
content) and analysis of the total DNA relatedness, were applied in the phylogenetic 
characterization of lower taxa (157). A considerable step forward was the use of 
macromolecules as 'evolutionary clocks' to determine evolutionary distances (72). 
Macromolecules such as nucleic acids and proteins consist of a large number of independent 
constituents, i.e. nucleotides and amino acids, whose sequential order provides the 
information for their function. Since the number of possible different sequences is extremely 
high, two sequences with extensive similarity are most likely evolutionary related rather than 
the product of convergent evolution. As the result of continuously occurring, selectively 
neutral mutations, the observed accumulated differences between two sequences are 
analogous to a relative time span, i.e. the sequence differences can be used to calculate the 
evolutionary distance of the compared sequences from a common ancestor. Among the 
sequences that may be used as molecular chronometers for phylogenetic analysis of higher 
taxa, most suitable ones are those that have been established in early stages of cell's 
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evolution. Among those, ribosomal RNAs are extremely suitable since (i) they are 
functionally highly constant and universally distributed, (ii) they contain enough information 
to be statistically reliable, (hi) they contain both moderately and highly conserved regions 
and, therefore, are suitable for measuring both small and large phylogenetic distances, and 
finally (iv) their isolation and analysis is relatively easy (159). 

Based on comparative analysis of 16S rRNA sequences, Woese and coworkers discovered 
a basic division of the known prokaryotic organisms that led them to propose a third primary 
lineage distinct from eubacteria and eukaryotes, designated archaebacteria (Figure 1). A 
similar classification was established by comparison of other molecular chronometers with 
the capacity for high-taxa-resolution such as for instance components of the DNA-dependent 
RNA polymerase (74, 174), translation factors (20, 47) and ATPase components (37, 60, 
62). Certain group-specific features could be identified on the molecular genetic and 
biochemical level (for review: 173) which confirmed the distinction between the three 'ur-
kingdoms' of life. Since the new, genotype-based taxonomy should be reflected in 
terminology, Woese and coworkers (1990) proposed to rename the three primary lineages 
into the 'domains' Archaea, Bacteria and Eucarya (Figure 1). 
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Figure 1. Unrooted universal phylogenetic tree (taken from Woese [159]), based upon 16S rRNA 
sequence comparison, showing the known three domains of life. 



Besides certain unique archaeal characteristics as ether-linked lipids (26), unusual modified 
tRNA-nucleotides (30) and the methanogenic (Vmetabolism (27, 68), most of the features 
that allow to distinguish the Archaea from the Bacteria and the Eucarya are associated with 
the genetic machinery (173). The archaeal genomes appear to be composed of a single 
circular chromosome similar to the genome of their bacterial counterparts. As in Bacteria, 
archaeal genes are - with the exception of certain genes from halophilic organisms (10) -
preceded by Shine-Dalgarno sequences and frequently are organized in transcriptional units 
(10). The majority of the archaeal features, however, were found to be more similar to those 
from the Eucarya such as the presence of introns (73, 111) and 7S RNA (66), the structure 
of promoters (44, 48), and the sensitivity to certain antibiotics (165, 173). This striking 
similarity between Archaea and Eucarya is also reflected by sequence comparison of 
ribosomal proteins (156), translation factors (20, 47), components of the DNA-dependent 
RNA polymerase (74, 173), DNA ligases (75), components of the ATPase (37, 60, 62) and 
histone-like proteins (129). Although not reflected on 16S RNA-level, this archaeal-eucaryal 
similarity in basic molecular characteristics provides reasonable arguments for a closer 
relationship of the Archaea to the Eucarya than to the Bacteria. In contrast, the sequences 
of enzymes of the central metabolism as GAPDH (50), malate dehydrogenase (57), 3-
phosphoglycerate kinase (33) and j8-glucosides hydrolyzing enzymes (31) were found to be 
more related between Bacteria and Eucarya (173). 

The domain Archaea comprises at least three major groups of prokaryotic organisms with, 
compared to their bacterial counterparts, unusual phenotypes: the extreme thermophilic, 
sulfur-dependent species, the extreme halophiles and the methanogens (159). 
Phylogenetically, the Archaea can be subdivided into two main lineages (kingdoms): the 
Crenarchaeota (158) which comprise most of the hyperthermophiles, and the Euryarchaeota 
(158), a phenotypically more diverse collection of organisms including the three groups of 
methanogens, the extreme halophiles, the extreme thermophilic genera Thermococcus and 
Thermoplasma and the sulfate-reducing Archaeoglobus. The branching order of the 
euryarchaeotal tree suggests that this kingdom has evolved from an ancient sulfur-reducing, 
hyperthermophilic organism via the methanogenic to the extreme halophilic organisms (159). 
Moreover, it is assumed that an extreme thermophilic, sulfate-reducing organism has been 
the common ancestor of the Archaea since this phenotype is the only one shared by both 
archaeal kingdoms (158). 

Methanogens are, with respect to morphology and growth requirements, a diverse group 
which obtain their energy for growth from the conversion of low molecular weight 
compounds to methane (for review: 154). The main products of fermentative decomposition 
of organic matter, H2 and C02, formate, and acetate are the major substrates of methanogenic 
bacteria. In addition, other Crcompounds and certain alcohols may serve as substrates. 
Methanogens exist as free-living and endosymbiotic organisms (150) and occupy a wide 
range of anaerobic habitats in soil and aquatic environments, the intestines of certain 
organisms, bioreactors, and extreme environments such as hydrothermal vents and 
hypersaline lakes. 

The biotechnological importance of methanogenic bacteria is reflected by their application 
in biodegradation of waste and the simultaneous production of biogas as an alternative form 
of energy and their potential to convert xenobiotics (2, 19, 53, 77). In addition to these 
(potential) applications, the scientific interest in molecular biology of methanogenic bacteria 
as representatives of the Archaea accounts for the progress in the genetics of methanogens 
which was subject of various recent reviews (10, 122, 171). 



MOBILE GENETIC ELEMENTS 

Prokaryotic chromosomes are regarded to consist of a set of essential genes which are 
interspersed with a variety of sequences including accessory genes, noncoding segments and 
(short) repeated sequences (80). Retaining a basic stability of the genomic organization, the 
chromosomal DNA is subjected to several genetic changes including point mutations and 
small and large scale rearrangements such as insertions, deletions and inversions. In addition 
to those changes of the resident genetic material, horizontal gene transfer serves as an 
important source for genomic variations which allow an adaptation of the host to 
environmental stress conditions. As a consequence of the uptake and assimilation of foreign 
DNA, the chromosome can be viewed as a mosaic, comprising recipient-derived DNA 
interspersed with DNA from other sources (141). 

A comparable organization and dynamic nature as found for the chromosomal DNA is in 
principle also found in the smaller-sized genomes of plasmids and phages. Therefore, 
elucidation of the genomic organization of these elements may provide insight into the 
structure of genomes in general. Moreover, plasmids and phages belong, together with 
insertion sequences (IS), to a class of accessory elements that force the change of the cell's 
genomic constitution: their movement within or between prokaryotic genomes often is 
accompanied with genomic rearrangements (promoted by insertion elements) and the 
horizontal transmission of genetic material (plasmid- and phage-mediated). Thus plasmids, 
phages and insertion elements which together constitute a family of mobile genetic elements 
(79), appear to play a significant role in evolutionary processes. 

The naturally occurring IS elements comprise defined DNA sequences ranging from 0.8 
to 3 kb and are joined to autonomously replicating molecules (replicons) such as the 
prokaryotic chromosome, phage- and plasmid DNA. A characteristic of these mobile 
elements is that they specify functions that allow them to move from one site to another, 
either intra- or intermolecularly. Different types of genomic changes are promoted by IS 
elements (35): (i) transposition of IS elements itself may cause disruption of coding regions 
or may lead to a fusion of replicon, (ii) the presence of several genomic copies of IS 
elements provide sites for reciprocal recombination which results in genomic rearrangements 
such as deletions and inversions, and (iii) two IS elements flanking genomic-derived genes 
may form a composite transposon thereby mobilizing the internal genomic sequences. 

Plasmids and phage genomes are, in contrast to IS elements, autonomously replicating 
genetic elements that either exist extrachromosomally or - as the result of site-specific 
integration or homologous recombination - may become part of the host chromosome. While 
the mobility of IS elements is restricted to the genome of a single cell, many plasmids and 
phages have the potential to mediate the transfer of their genomes from one cell to another. 
This transmission of DNA can be accompanied by mobilization of host DNA, including IS 
elements, by conjugation (plasmid-directed) and transduction (phage-directed). In addition 
to natural transformation, i.e. the uptake and incorporation of exogenous DNA, conjugation 
is regarded as the major mechanism for horizontal DNA transfer in nature that occurs 
between phylogenetically divergent prokaryotes (1, 87) and may even bridge the boundaries 
between members of different domains, including DNA transfer between pro- and eukaryotes 
('interkingdom sex') (1, 49, 141). 

The study of genetic mobile elements may therefore contribute to the understanding of 
genomic organization and processes that influence the genetic constitution of prokaryotic 
organisms. Moreover, in particular plasmids are useful model systems for the investigation 
of the fundamental process of DNA replication and may serve as basic tools in recombinant 



DNA technology. 

ARCHAEAL MOBILE ELEMENTS 

Plasmids 

Plasmids have been identified in all three major groups of Archaea (for review: 10; Table 
1). 

Among the hyperthermophilic, sulfur-dependent Archaea only two plasmids, designated 
pGT5 (32) and pBG from Sulfolobus strain B6 (143), have been described whereas two other 
extrachromosomal elements, pSB12 and pSLlO, represent lysogenic forms of viruses or 
virus-like particles that will be discussed in the next section. The small, 3.45-kb multicopy 
plasmid pGT5 is harbored by a recently isolated hyperthermophilic archaeon (strain GE5) 
which has an optimal growth temperature of 94°C (32). Surprisingly, pGT5 was found to be 
nearly relaxed at physiological temperatures (95°C) (11), although strain GE5 contains 
reverse gyrase activity that is common to extreme thermophilic organisms of both archaeal 
and bacterial origin (8, 9). This activity was believed to be necessary for thermostabilization 
of closed circular DNA by introduction of positive supercoils. It is supposed that the relaxed 
state of pGT5 at physiological temperatures in vivo is the result of both reverse gyrase 
activity and the presence of nucleosome-like structures and might be representative for the 
topology of chromosomal and extrachromosomal DNA of hyperthermophiles (11, 34). 

Most progress in biology of archaeal plasmids has been made with those from the extreme 
halophilic organisms. For a part this is due to the large number of plasmids that have been 
described for these organisms, ranging in size from small, 1.7-kb high copy number plasmids 
up to 690-kb megaplasmids (Table 1), and the established transformation systems (see 
below). Many halophilic bacteria contain heterogeneous plasmid populations and a 
considerable part of the genomic information is located on extrachromosomal elements (14, 
40, 112, 127, 145). The 150-kb pHHl has been identified as the main plasmid of 
Halobacterium halobium (153) (several strains of H.halobiwn and H.cutirubrum probably 
belong to the species H.salinarium according to Tindall [1992]). Plasmid pHHl contains a 
large number of different halobacterial IS elements that cause insertion, deletions and 
rearrangements of pHHl (115, 118, 119). Other Halobacterium species were found to 
contain structural derivatives of pHHl, either as covalently closed DNAs or integrated into 
the chromosome (28, 112). Initial observations of an correlation between the ability to form 
gas vesicle and the presence of plasmids (137, 153) has led to the identification of vac genes 
located on the plasmids pHHl (58) and pNRClOO (23, 64). Detailed analysis of the 200-kb 
pNRClOO resulted in the identification of two large (35 to 38 kb) inverted sequences which 
are supposed to mediate inversion of the intervening single-copy regions, one of which 
contains the vac-region, and constitute a possible regulation mechanism for gene expression 
(100). In addition, the origin of replication has been mapped for plasmid pNRClOO (100), 
pHHl (119) and pHK2 (56). A function could also assigned to plasmid p*HL, a deletion 
derivative of the <i>H prophage (133) whose nucleotide sequence and transcriptionally active 
regions have recently been determined (38). H. halobium R, cells carrying p#HL become 
resistant to infection by phage $H due to a immunity-conferring coliphage-like repressor 
encoded by p$HL (69). 

Treatment of H.halobium GRB with the gyrase inhibitor novobiocin resulted in the 



Table 1. Archaeal plasmids 

Plasmid 

pBG1 

pGT5 

pNRClOO 
pHHl 
pHH2 
pHH3 
pHSBl 
pHGNl 
pGRBl 
p*HL 
pHTl 
pHT2 
pHCl 
PB 
pRDS102 
pD 
pHVl 
pHV2 
pHV3 
pHV4 
pHVll 
pHV12 
pHV13 
pHK2 
pHMl 
pHM2 

pC2A 
pURB500 
pURB800 
pURB801 
pURB900 
pMPld 

pT3 
pME2001 
pFVl 
pFZl 
pFZ2 

Host 

Sulfolobus strain B6 
hyperthermophilic, sulfiir-metabolizing 
isolate GE5 

Halobacterium halobium NRC-le 

H.halobium NRC817 
H.halobium DSM670 
H.halobium DSM671 
H.halobium SB3 
H.halobium GN101 
H.halobium GRB 
H.halobium R,L 
H.trapanicum 
H.trapanicum 
H.cutirubrum 
Halobacterium salinarium 5 
H.salinarium 5 
H. salinarium 5 
Haloferax volcanii DS2 
H.volcanii DS2 
H.volcanii DS2 
H.volcanii DS2 
H.volcanii WRU 
H.volcanii WR12 
H.volcanii WR13 
Haloferax Aa2.2 
Halococcus morrhuae CCM 537 
H.morrhuae CCM 537 

Methanosarcina acetivorans C2A 
Methanococcus sp. nov. 
Methanococcus jannaschii 
M.jannaschii 
Methanococcus AG86 
Methanolobus vulcani 
Methanobacterium sp. nov. 
M.thermoautotrophicum Marburg 
M.thermoformicicum THF 
M.thermoformicicum Z-245 
M.thermoformicicum FTF 

Size 
(kb) 

35 
3.5 

200 
143 
152 
76 
1.7 
1.8 
1.8 

19 
122 

6 
122 
41 
69 

134 
86 
6.4 

440 
690 
13 
25 
44 
10.5 
48 
6 

5.1 
8.7 

64 
18 
20 
6.9 
7.3 
4.4 
13.5 
11 
11 

References for Relevant Characteristics 

Isolation/Sequence" Functionb Transformation0 

(143) 
(32) 

(23) 
(153) 
(112) 
(112) 

(28/41) 
(28/45) 
(28/42) 
(133/38) 

(112) 
(112) 
(112) 
(136) 
(136) 
(136) 
(112) 

(112/12) 
(14) 
(14) 
(126) 
(126) 
(126) 
(54) 
(96) 
(96) 

(140) 
(160) 
(166) 
(166) 
(166) 

(144, 155) 
(5) 

(88/7) 
(103/106) 
(103/106) 

(103) 

_ 

vac genes (23, 64) 
vac genes (58) 

-
-

Rep protein (61) 
Rep protein (61) 
Rep protein (61) 

$H immunity (133, 69) 

-
-
-
-

vac genes (136, 137) 

-
-

_ 

_ 
(6, 18) 

-
-

(41, 85) 

-
(17) 

-
-
-
-
-
-
-
-

(12, 84, 101) 
-
-
-
-
-

(54 
-
-

_ 
-
-
-
-
-
-
-

MthTl system (104) 
MthZl system (105) 
MthFl system (105) 

-
-
-
-
-

56, 84, 101) 
-
-

_ 
-
-
-
-
-
-
-
-
-
— 

* Complete nucleotide sequence. 
b Identified functions (based on experimental data or on homology with known proteins), including plasmid replication-

and maintenance functions. 
' Transformation of the natural host or close relatives using the original plasmid or engineered derivatives including 

shuttle vectors. 
d Possibly represents a prophage. 
' Several strains of H.halobium and H.cutirubrum belong to the species H.salinarium (146). 



accumulation of single stranded forms of the small 1.8-kb multicopy number plasmid pGRBl 
suggesting that this plasmid replicates via a rolling circle mechanism (39, 139). Since 
sequence analysis of pGRBl and the similar sized plasmids pHSBl and pHGNl revealed that 
each plasmids could code for a homologous protein of approximately 35 kDa (41, 42, 45), 
these putative proteins may be involved in a common mode of plasmid replication (42). This 
hypothesis was recently supported by Ilyina and Koonin (61), who found that the plasmid-
encoded proteins of pGRBl, pHSBl and pHGNl share a conserved sequence motif with 
rolling circle replication initiation proteins. 

The application of genetic engineering techniques in halophilic members of the archaeal 
domain became possible with the development of efficient transformation systems. A natural 
mating system (94, 125) and a protoplast fusion technique (126) have been described for 
Haloferax volcanii. The polyethylene glycol mediated spheroplast transformation method, 
however, is the most commonly applied one and transformation protocols have been 
developed for the phylogenetically distant H.halobium (15, 41), H.volcanii (12, 17) and 
members of the genus Haloarcula (18). The vector plasmids used for transformation studies 
were derivatives of small halobacterial replicons equipped with a marker gene and, more 
recently, were expanded to halobacterial-E.co// shuttles vectors (6, 56, 84, 85). Selective 
markers used included genes conferring resistance to novobiocin (54) or mevinolin (84), or 
encoding a phenotypically selectable marker, such as gas vesicle synthesis (6). Expression 
of the bacterio-opsin (bop) gene in a bop mutant of H.halobium was observed after 
transformation with a pGRBl-based multicopy vector that carried an intact bop gene (82). 
Using a mutated halobacterial gyrase B gene which confers resistance to novobiocin (55) as 
selective marker, a cloning vector was constructed based on the pHK2 replicon of Haloferax 
Aa2.2 (54). Subcloning into an E.coli vector yielded the shuttle-vector pMDSl which, 
however, could only stably maintained in Haloferax if propagated in a dam E.coli strain since 
methylated adenine residues are subject to restriction in the halophilic host (56). A derivative 
of pMDSl has recently been used for expression of a alkaline serine protease, termed 
halolysin, from an unidentified halophilic strain in H.volcanii (67). Two other halobacterium-
E.coli shuttle vectors, pUBP2 (derived from pHHl of H.halobium; 6) and pWL102 (based 
on the H.volcanii pHV2 replicon; 84) were found to stably transform members of different 
halophilic genera (18) and may be useful as generalized cloning vectors in halophilic 
Archaea. The pHV2-derived vector has been used in complementation experiments to analyze 
the minimal DNA region necessary for gas vesicle synthesis (59). Recently, transformation 
of H.halobium was applied for specific in vivo rRNA mutagenesis of its single-copy rRNA 
operon (85). This technique makes use of a shuttle vector pHRZH, a derivative of pHSBl 
from H.halobium SB3 (28) which is equipped with a mutated, H.halobium rRNA operon that 
confers resistance to two different antibiotics. After transformation, the sensitive, single-copy 
wild-type rRNA operon of the recipient is replaced by the vector-borne one via 
recombination, resulting in a transformed strain that directs synthesis of exclusively mutated 
ribosomes (85). 

Representatives of all three major lines of the methanogenic branch of the Archaea were 
found to harbor plasmids (Table 1) ranging in size from 4.4 kb for the high-copy number 
plasmid pME2001 from Methanobacterium thermoautotrophicum Marburg (88) up to 64 kb 
for pURB800 from Methanococcus jannaschii (166). However, compared to what is known 
about plasmids from halophilic bacteria, only little progress has been made in plasmid 
biology of methanogens. This may be attributed to the fact that, compared to the halophilic 
Archaea, (i) plasmids are less common among methanogens, (ii) all plasmids identified so 
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Figure 2. (A) Physical map and coding regions of plasmid pME2001 of M.thermoautotrophicum 
Marburg. ORFs A through F are indicated by open arrows whereas the mapped 611 -bp transcript (91) 
is shown as a black arrow. The putative ORF B protein binding region (TA) is denoted by a solid 
block. Sizes are given in kilobases. (B) Comparison of the helix-turn-helix motif of the X ell activator 
protein (51) with that deduced from ORF B. Identical amino acids are boxed. Numbers refer to the 
amino acid position. (C) Binding site of the X ell protein (51) compared to the putative ORF B protein 
binding region of pME2001 (TA) composed of three sequence stretches (TA1 through TA3). 
Tetranucleotides similar to TTGC and spaced by six nucleotides are underlined. Numbers refer to 
sequence position according to Bokranz et al. (7). 

far in methanogens are cryptic, i.e., no phenotype could be correlated with the presence of 
plasmids, and (iii) an efficient transformation system and suitable vectors are at present not 
available. 

One of the best studied plasmids is pME2001 of M.thermoautotrophicum Marburg. This 
plasmid which is present in about 20 copies per host chromosome (102), turned out to be 
very stable since several attempts failed to cure strain Marburg from pME2001 (102). The 
dispensability of pME2001 was, however, demonstrated by Leisinger and coworkers who 
reported the isolation of a pME2001-free derivative of strain Marburg after treatment with 
the mutagen N-methyl-N'-nitro-nitrosoguanidine (70, 92). The nucleotide sequence of 
pME2001 comprises 4439 bp (7) and contains six open reading frames, designated ORF A 
through ORF F, which could code for proteins composed of more than 100 amino acids 
(Figure 2A). Except for ORF C, all ORFs are preceded by a potential ribosome binding site 
(10). The head-to-tail-organization of ORF A-D may suggest a coordinate transcription and 
translation of the four ORFs. Although no sequences with significant similarity to the 
boxAlboxB motif of an archaeal consensus promoter signal (44, 48) could be localized 
upstream from ORF A, the identification of a 611-bp-transcript of pME2001 by Meile and 
coworkers (91) which covers the potential promoter regions of the ORF A and ORF F, 
respectively (Figure 2A), may support cotranscription of ORF A-D. The small size of the 
transcript may be explained as the result of posttranscriptional processing or nucleolytic 
degradation of a primary transcript (91). A sequence stretch with excellent similarity to the 
archaeal consensus promoter signal is located approximately 170 bp upstream of ORF F. 
Possibly, the expression of the ORF F protein is regulated since translation of the ORF F 
mRNA might be blocked by the mapped 611-bp-RNA which is transcribed from the opposite 
DNA-strand and would therefore serve as anti-sense RNA (Figure 2A). 

No significant similarity was found between the deduced proteins of pME2001 and proteins 
stored in the database. Screening of the pME2001 proteins for the presence of certain amino 
acids motifs has shown, however, that the ORF B protein contains a helix-turn-helix (HTH) 
motif which might enable the ORF B protein to bind to DNA (Nolling, unpublished results). 
Moreover, the HTH motif of the ORF B protein was found to be similar with the HTH motif 
of the transcription activator ell from phage X (51). The identical residues shared by both 
HTH motifs were in particular located at those positions of the X ell protein that are believed 
to be involved in recognition of a specific DNA sequence (51) (Figure 2B). This may suggest 
that the ORF B protein recognizes the same DNA target as the X ell transcription activator, 
i.e. two TTGC tetranucleotides repeats spaced by six nucleotides: TTGC-N6-TTGC (51). We 
could identify a region located at the 3'-end of ORF D of plasmid pME2001 that showed 
homology to the X ell target-sequence. This pME2001-region, designated TA-region, is 193 



bp in size and contains three sequence stretches (TA1-TA3) with the same or similar 
tetranucleotide repeats separated by six nucleotides as found for the X cll-target (Figure 2C). 
An additional remarkable feature of TA1-TA3 sequences is the fact that those tetranucleotide 
repeats in turn separate several runs of four to six thymidine nucleotides which may induce 
bending of the DNA (78) (Figure 2C). Such bent DNA regions are known to be important 
for various molecular-biological processes such as for instance replication and transcription 
(43). It seems therefore possible that the putative DNA binding ORF B protein and the TA-
region play a role in replication of plasmid pME2001. 

Several pME2001-based vectors have been constructed that may be used for replication in 
Bacteria and Eucarya (89, 90). However, besides a low-level natural transformation system 
for M.thermoautotrophicum Marburg (162), no efficient reintroduction of DNA into this 
methanogenic host has been reported so far. The development of a transformation system is 
therefore the bottle neck for examination of in vitro modified DNA in Methanobacterium 
strains. 

Promising results in establishing a transformation have been reported for the mesophilic 
Methanococcus voltae PS. Based on its low-level natural competence (4), transformation of 
this organism with a vector that was able to integrate in the chromosome of the recipient, 
was demonstrated by Gernhardt and coworkers (36). The integration vector used was 
equipped with an expression cassette comprising the puc gene from Streptomyces alboniger 
(83) as selective marker which conferred puromycin resistance to its methanogenic host. 
Similar results were obtained with Methanococcus maripaludis used as recipient (128). 
Increased transformation rates of auxotrophic M. voltae PS with wild type chromosomal DNA 
could be achieved by electroporation as alternative transformation method (95). These results 
suggest that an efficient host-vector system for Methanococcus could be based on an 
improved electroporation protocol in combination with an autonomously replicating vector 
that carries the puromycin-resistance cassette (36) as selective marker. The vector may be 
derived from a plasmid of a related species, such as pURB500 isolated from a marine 
Methanococcus species (160). 

Viruses and Virus-like Particles 

Similar as representatives of the eucaryal and bacterial domain also those belonging to the 
archaeal domain are subject to viral infection. Table 2 lists the viruses and virus-like particles 
(VPLs: nucleic acid containing particles whose infectivity have not been proven) that have 
been described for representatives of the three major lineages of the archaeal domain, the 
extreme thermophilic, sulfur-dependent, the extreme halophilic and the methanogenic 
Archaea (for review: 172). All archaeal viruses and VLPs, isolated so far, contain a double-
stranded DNA genome although this does not exclude the possibility of the existence of 
archaeal viruses with single-stranded DNA or RNA genomes. With the exception of the VLP 
isolated from Methanococcus voltae A3 (161), viruses of the extreme halophilic and 
methanogenic branch were similar in morphology to those of the bacterial domain composed 
of a polyhedral head and a tail. By contrast, unusual lemon- or rod-shaped virus structures 
are common to the viruses and VPLs that infect extreme thermophilic, sulfur-dependent 
Archaea. In addition, the genomes of the latter viruses and VLPs are only small in size 
compared to those found for the viruses of halophiles and methanogens (Table 2). 

The temperate virus SSV1 (formerly SAV1) of the extremely thermophilic, sulfur-
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Table 2. Archaeal viruses and virus-like particles 

Name 

SSV1 
VPL-B6" 
DAV ld 

CWP 
TTV1 
TTV2 
TTV3 
TTV3 

$H 
$N 
Hsl 
HsL 
Hhl 
Hh3 
Jal 
S45 

Host 

Sulfolobus solfataricus 
1 Sulfolobus sp. B6 

Desulfurococcus ambivalens 
Pyrococcus woesei 
Thermoproteus tenax Krai 
T.tenax Krai 
T.tenax Krai 
T.tenax Krai 

Halobacterium halobiuni 
H.halobium 
H.satinarium 

Halobacterium sp. 
Halobacterium sp. 
H.halobium 
Halobacterium sp. 

VLP(A3) Methanococcus voltae A3 
PG 
PMS1 
^Ml 

#F1 
$F3 

Methanobrevibacter smithii G 
M.smithii 

Virion 
morphology 

lemon 
polyhedric 

lemon 
polyhedric 

rod 
flexible rod 
flexible rod 

rod 

complex8 

complex 
complex 

complex 
complex 
complex 
complex 

lemon 
complex 

n.d. 
Methanobacterium thermoautotrophicum complex 

Marburg 
Methanobacterium sp. 
M.thermoformicicum FF3 

complex 
complex 

DNA 
topology 

ccc* 
n.d.c 

ccc 
n.d. 

linear 
linear 
linear 
linear 

linear 
linear 
linear 

linear 
linear 
linear 
linear 

ccc 
n.d. 
n.d. 

linear 

linear 
ccc 

Genome 
size (kb) 

15.5 
n.d. 
7.7 
n.d. 
15.9 
16 
27 
17 

59 
56 

n.d. 

37.2 
29.4 
230 
n.d. 

23 
50 
35 

27.1 

85 
36 

Type 

temperate 
temperate 
temperate 

n.d. 
temperate* 
temperate 

n.d. 
lytic 

temperate 
temperate 
temperate* 

temperate* 
temperate* 

n.d. 
n.d. 

temperate 
lytic 
lytic 
lytic 

lytic 
lytic 

References 

(86, 109, 130, 168) 
(172) 

(167, 168, 172) 
(170, 172) 

(63, 98, 172) 
(63, 172) 
(63, 172) 
(63, 172) 

(38, 131, 135, 172) 
(151) 

(147, 148, 149) 

(110) 
(110) 
(152) 
(21) 

(161) 

(3) 
(76) 

(65, 92) 

(108) 
(108) 

* Covalently closed circular 
b The VLP-B6 genome is suggested to correspond with plasmid pBG (172). 
0 Not determined. 
d The DAV 1 genome is identical with plasmid pSLlO (172). 
* So-called 'carrier state' defined as an equilibrium between virus and cell multiplication. A shift of this equilibrium results 

in either loss of the phage genome or induction of the lytic circle (172). 
f Several strains of H.halobium belong to the species H.satinarium (146). 
s Consisting of an icosahedric head and a tail. 

dependent Sulfolobus shibatae (86) is one of the archaeal viruses studied in detail on the 
molecular level. Initially described as VLP, SSV1 was recently shown to infect the closely 
related S.solfataricus and is thus a true virus (130). The virus SSV1 contains a circular, 
positively supercoiled (97) double-stranded DNA genome with a size of 15.5 kb. Its complete 
nucleotide sequence has been determined (109) and the transcriptionally active regions have 
been mapped (123). Upon lysogenisation, the SSV1 genome is either maintained as 
extrachromosomal, autonomous replicating DNA (formerly termed pSB12) or is integrated 
into the chromosome (164). Integration occurs site-specifically in both S.shibatae and 
S. solfataricus within a putative tRNAAl? gene (124, 130). UV-irradiation induces 
amplification and packaging of the SSV1 plasmid form and the release of phage particles 
without lysis of the host (86, 130, 164). Since efficient transfection (106 transfectants per ng 
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DNA) of S.solfataricus with SSV1 DNA by electroporation has been demonstrated (130), the 
well-studied SSV1 genome may be instrumental in developing a cloning vector for 
Sulfolobus. 

Four rod-shaped or filamentous viruses, designated TTV1 through TTV4, have been 
described for Thermoproteus tenax Krai (63). Although these viruses exhibit a similar 
morphology they clearly differ in several aspects. TTV2 is a temperate virus, whereas TTV4 
is lytic, while cells carrying TTV1 may either lyse or lose the virus (172). The viral genomes 
consist of linear, double-stranded DNA molecules of different size that showed no homology 
with each other (169). Moreover, only limited similarities have been observed in the 
composition of the virus envelope (169). TTV1 has been studied in most detail. The TTV1 
DNA is covered by two DNA-binding proteins contained within the proteinaceous inner 
envelope that is surrounded by a asymmetric membrane (172). The genes encoding the two 
DNA-binding and the three major structural proteins of TTV1 have been analyzed (98, 172). 
Six genomic variants of TTVl could be isolated that differed from each other in a distinct 
region by deletions and insertions (99). Since a phage-resistant strain of T. tenax contains part 
of this region integrated into its chromosome, it may specify immunity functions (172). 
Sequence analysis of the region revealed an unusual 465-bp ORF that could code for a 
protein with highly repeated amino acid stretches (169). 

Three VPLs have been isolated from sulfur-dependent Archaea, CWP from the 
hyperthermophilic Pyrococcus woesei, DAV1 from Desulfiirolobus ambivalens and a VPL 
from Sulfolobus strain B6. Since no nucleic acids could be isolated from CWP particles the 
nature of their genome remains unknown (170). Similarly, no data are available that clearly 
prove the association of the VPLs produced by Sulfolobus B6 with the genetic variable 35-kb 
plasmid pBG detected in the host (143, 172). In contrast, nucleic acids isolated from DAV1 
particles seem to correspond with the 7.7-kb plasmid pLSlO of Desulfiirolobus ambivalens, 
an extremely thermophilic, facultatively anaerobic archaeon (167, 168, 172). Interestingly, 
pLSlO shares some similarity with SSV1 DNA (172). Since anaerobic growth of the host is 
accompanied with amplification of plasmid pSLlO and the production of virus-like particles, 
pLSlO probably represents the lysogenic form of the virus DAV1 (169). 

Phages isolated from the halophilic branch of the Archaea differ considerably in their 
genome sizes ranging from 30 kb for phage Hh3 (110) up to 230 kb reported for phage Jal 
(152). One of the most extensively studied halophilic virus-host systems is that of phage #H 
and its host Halobacterium halobium R, (131, 172). The linear 59-kb genome of the 
temperate phage #H, whose transcription units have been mapped (172), is circularized upon 
lysogenization and maintained as extrachromosomally replicating prophage (135). Similar to 
the genome of its host, a high degree of genetic variability has been observed for $H that 
is due to the presence of certain IS-elements (132). One of these elements, ISH1.8 (134; see 
below), has been found to flank a central 12-kb fragment, called L-region, whose inversion 
or looping out is mediated by ISH1.8 (132, 134). The L-region contains genes for both 
immunity and the lytic cycle and obviously specifies all functions necessary for replication 
that enables the L-plasmid to be stably maintained in its host (see also plasmid section). 
Efficient transfection (approximately 107 transfectants per |tg DNA) of H. halobium with #H 
DNA has also been reported based on a protocol similar to those used for plasmid 
transformation of halobacteria (15; see plasmid section). DNA modification has been 
described for another phage from H.halobium, #N, whose linear, 56-kb genome contains 5-
methy 1-cytosine (151). 

A variety of viruses and VLPs have been described for methanogenic bacteria (for review: 
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172; Table 2). VLPs were found to accumulate during growth of Methanococcus voltae A3 
(161). Similar to the prophage state of SSV1 in Sulfolobus shibatae, the genome of the 
M.voltae A3-derived VLPs which is a circular 23-kb DNA molecule, termed pURB600, 
could be detected either as free plasmid or integrated into the chromosome of its host. In 
addition, pURB600-related sequences have been identified in the chromosome of M.voltae 
PS which, however, did not produce VPLs (161). Plasmid pMPl of Methanolobus vulcani 
(see plasmid section) may also represent a prophage since it has been found integrated into 
the host chromosome (155). The isolation of two lytic phage particles infecting 
Methanobrevibacter smithii, the broad host range phage PG (3) and phage PMS1 (76), with 
genome sizes of 50 and 35 kb, respectively, has been reported. The model virus-host system 
of methanogens that has been studied in some detail is that of the lytic phage ^Ml and its 
host Methanobacterium thermoautotrophicum Marburg (92). The genome of phage \}M\ is 
a linear, circularly permutated 27.1-kb DNA molecule that displays a terminal redundancy 
of approximately 3 kb (65). Packaging of the phage DNA is initiated from a concatemeric 
precursor molecule at a mappedpac site by the 'headful packaging' model (65). Interestingly, 
about 15% of the ^Ml phage particles was found to contain hexamers of the cryptic 4.4-kb 
plasmid pME2001 present in the strain Marburg (88, 92). This relaxed packaging machinery 
of ^Ml may be responsible for the recently demonstrated general transduction of 
chromosomal markers mediated by ^Ml (93). A 16-kb chromosomal region with homology 
to ^Ml DNA was identified in M.wolfei suggesting that this organism contains a deletion 
derivative of $M1 (92). This may explain the similarity of the endopeptidases capable to 
hydrolyse pseudomurein-based cell walls that have been purified from lysates of autolysed 
M.wolfei cultures (71) and lysates produced by M.thermoautotrophicum Marburg after ^Ml 
infection (142). 

Insertion sequences 

Most archaeal IS elements have been isolated from halophilic organisms, whereas only one 
IS elements have been reported for methanogens (Table 3). So far no information is available 
about such mobile elements in extreme thermophilic, sulfur-dependent Archaea. 

The biology of IS elements has intensively been studied in the halophilic model organism 
Halobacterium halobium. H.halobium displays a considerable genetic instability that results 
in high spontaneous mutation rates of phenotypic markers such as gas vacuole formation and 
synthesis of the purple membrane protein bacterio-opsin which are lost with frequencies of 
10"2 and IQr*, respectively (113, 153). Most of these mutants were shown to result from 
genomic rearrangements such as insertions, deletions and recombination events induced by 
various IS-elements (22, 24,25, 115, 116, 138). As indicated by further studies, the majority 
of these transposable elements and other repeated sequences are clustered within the 
relatively AT-rich satellite DNA fraction (GC-content 58%) consisting of plasmid DNA and 
chromosomal 'islands' that comprise about 30% of the genome of extreme halophilic 
organisms such as H.halobium (114, 118). 

IS elements from halophiles (ISH elements; for review: 13) range in size from 520 bp for 
ISH2 up to 3000 bp for ISH24 (Table 3) and resemble in their structure 'typical' insertion 
sequences described for the bacterial domain (35), i.e., they contain terminal inverted repeats 
and are flanked by short direct repeats as the result of target site duplication (Table 3). 
ISH1.8 is an exception in that it lacks terminal inverted repeats (134). IS elements are 
defined as autonomously moving elements, i.e. they mediate their own transposition, which 
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Table 3. Archaeal insertion elements 

Element 

ISH1 
ISH1.8 
ISH2 
ISH11 
ISH23/50 
ISH24 
ISH26 
ISH27 
ISH28 
ISHS1 
ISH51 

ISM1 
FR-I 

Hosf 

Halobaclerium halobium' 
H.halobium 
H. halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H.halobium 
H. volcanii 

Methanobrevibacter smithii 
Methanobacterium ihermoformicicum 

Element 
length 
(bp) 

1118 
1895 
520 
1068 
996 
3000 
1384 
1398 
932 
1449 
1375 

1381 
1501 

ORF* 
length 
(bp) 

810 
max. 672" 

— 
1002 

819, 366 
n.d. 

441, 741 
1167 

0 
1179, 366 

1146 

1203 
15& 

Copy 
number 

(bp) 

2 
2 

8-10 
n.d. 
n.d. 

2 
5 

>2 
>2 
n.d. 

20-30 

8-10 
4-5 

IRe 

length 
(bp) 

7 
— 
19 
15 
19 
14 
15 
16 
16 
26 
16 

29 
— 

DR' 
length 

8 
5 

10-11,20 
7 

9/8 
7 

9, 11 
5 
8 
0 
3 

8 
6 

Indentical 
copies' 

yes 
n.d.h 

yes 
n.d. 
n.d. 
n.d. 
no 
no 

n.d. 
n.d. 
no 

n.d. 
yes 

References 

(138) 
(134) 
(22) 
(81) 

(115, 116, 163; 
(115, 116) 

(29) 
(117, 120) 
(117, 121) 

(175) 
(52, 120) 

(46) 
(107) 

' Original host. 
b Open reading frames with more than 300 bp. 
e Terminal located inverted repeats. 
d Direct repeats flanking the element. 
' Nucleotide sequence idendity of different copies. 
1 Several strains of H.halobium belong to the species H.salinarium (146). 
8 ISH1.8 contains six ORFs with a size of more than 300 bp. 
h not determined. 
1 FR-I exists in two structural variants one of which contains a 750 bp ORF. 

is catalyzed by an element-encoded transposase activity. Most of the ISH elements listed in 
Table 3 indeed contain at least one ORF that may encode a transposase-like protein. Some 
of the ISH elements, however, lack appropriate ORFs (Table 3) and probably represent non-
autonomous IS elements that may transpose by transposase functions provided in trans by 
other, autonomous ISH elements. This may be the case for ISH51 from Haloferax volcanii. 
From three ISH51 elements that have been analyzed on the sequence level, only one was 
found to contain a large ORF (52, 120). Interestingly, ISH27 from H.halobium and ISH51 
constitute a family of related insertion sequences that show identical terminal inverted repeats 
and considerable similarity on nucleotide sequence level of the entire elements (120). In the 
case of ISH2 which has an only low coding capacity (22), the existence of a copy with an 
intact function necessary for transposition seem to be unlikely since all so far analyzed ISH2 
copies were identical on sequence level (119). However, the terminal inverted repeats of 
ISH2 are considerable similar to those found for ISH26 whereas the internal sequences of 
both elements lack homology (29). Since terminal inverted repeats play an important role in 
transposition of IS elements it was suggested that ISH26 mediates transposition of ISH2 (29). 

Among methanogens only one transposable element, ISM1 from Methanobrevibacter 
smithii, has been characterized previously (46; Table 3). ISM1, whose movement within the 
host genome has been demonstrated, shows all features of a 'typical' insertion elements and 
contains a large ORF that probably specifies the transposase function (46). 
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OUTLINE OF THE THESIS 

The limited knowledge about plasmid biology of methanogens on the one hand and the need 
for developing host-vector system in this branch of Archaea on the other hand, were the 
principal motives to initiate the present thesis. Accordingly, the project had a basic character 
and was aimed at analyzing newly isolated plasmid DNA from methanogenic bacteria on 
molecular level with emphasis on those plasmids harbored by thermophilic strains of the 
genus Methanobacterium. After a brief summary of the state of art (Chapter 1), a 
phylogenetic analysis of different thermophilic Methanobacterium strains including several 
new isolates is described in Chapter 2. The obtained results from sequence comparison of 
PCR-amplified 16S rRNA genes strongly suggested a reclassification of the species 
M.thermoformicicum and M.thermoautotrophicum. The following Chapters 3 and 4 deal with 
the characterization of two types of mobile elements, namely phages and plasmids. The 
isolation and characterization of two novel phages, $F1 and $F3, capable of infecting several 
thermophilic Methanobacterium strains is reported in Chapter 3. Phage ^Fl whose linear 
genome is approximately 80 kb in size, has a broad host range and could be propagated on 
M.thermoformicicum Z-245, FTF, FF1, FF3 and CSM3 as well as M.thermoautotrophicum 
AH. In contrast, phage <i>F3 is specific for M.thermoformicicum FF3. Chapter 4 describes 
the isolation and characterization of a family of related plasmids from the thermophilic 
archaeon M.thermoformicicum and initial approaches in classification of M.thermoformicicum 
strains by genetic fingerprinting. Two of the plasmids, pFVl from strain THF and pFZl 
from strain Z-245, were analysed in detail. Comparison of the complete nucleotide sequences 
of pFVl and pFZl allowed an outline of the genetic organization of the plasmid genomes 
consisting of conserved regions which are interspersed with accessory elements (Chapter 5). 
Moreover, evidence is provided that plasmid pFVl encodes a putative DNA mismatch repair 
which is functionally related to the pFVl-borne restriction-modification (R/M) system 
(Chapter 5). One of the accessory elements, termed FR-I, was present in the genomes of 
strains of M.thermoformicicum and M.thermoautotrophicum (Chapter 6). Although trans
position of FR-I has not been demonstrated, several characteristics of FR-I support the 
hypothesis that it represents a new type of archaeal insertion elements. In addition, pFVl and 
pFZl were found to contain an accessory element encoding components of different R/M 
systems, whose detailed analysis is discussed in Chapter 7 and 8, respectively. Finally, a 
summary and concluding remarks are given in Chapter 9. 
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